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Second-order optical effects are essential to the active control of light and the generation of new
spectral components. The inversion symmetry, however, prevents achieving a bulk y®
response, limiting the portfolio of the second-order nonlinear materials. Here, we demonstrate
sub-picosecond conversion of a statically-passive dielectric to a transient second-order nonlinear
medium upon the ultrafast transfer of hot electrons. Induced by an optical switching signal, the
amorphous dielectric with vanishing intrinsic y® develops dynamically tunable second-order
nonlinear responses. By taking the second-harmonic generation as an example, we show that
breaking the inversion symmetry through hot-electron dynamics can be leveraged to address the
critical need for all-optical control of second-order nonlinearities in nanophotonics. Our
approach can be generically adopted in a variety of material and device platforms, offering a new
class of complex nonlinear media with promising potentials for all-optical information

processing.

Under the electric-dipole approximation, centrosymmetric optical media exhibit a vanishing

second-order nonlinear susceptibility, y®), imposing a major challenge towards the efficient



realization of second-order nonlinear processes such as second-harmonic generation (SHG),
Pockels effect, optical parametric oscillation, and optical rectification [1-3]. In such materials,
the atomic-scale disordered sites at surfaces and interfaces are the limited regions where the
termination of the bulk crystal lattice allows for second-order nonlinear light-matter interactions,
yet not in an efficient manner. Although resonant optical cavities assist promoting the surface
nonlinearity through the enhancement and localization of optical fields [4-7], nevertheless,
developing robust symmetry breaking techniques seems to be inevitable to enable nonlinear
processes of the second-order type in the bulk of centrosymmetric media. In this context,
exerting external strain, applying direct-current electric fields, and electric currents are the
primary pursued techniques for breaking the inversion symmetry of centrosymmetric materials
[8-15]. In the current span of the literature, however, symmetry breaking schemes via optical
means are yet to develop, and initial explorations in this regard are needed to unlock the ultimate
potential of nanophotonic systems for active and nonlinear optical functionalities. The
importance of such developments becomes even more evident once we notice that the optical
control of y® processes potentially paves the way towards second-order nonlinear interactions
in an all-optical manner. In this study, we demonstrate that the spatially asymmetric transfer of
plasmonic hot electrons into an amorphous electron-accepting medium creates an ultrashort
timeframe, during which the centrosymmetric material reveals a nonzero bulk second-order
susceptibility, imitating the relaxation behavior of hot electrons in the time-domain. As an
example, we show that the transient nature of the induced y® allows for the dynamic control of
the SHG process, proving the feasibility of ultrafast all-optical manipulation of second-order

nonlinearities through the transient breaking of the inversion symmetry.



The working principle of the proposed symmetry breaking technique and relevant design
considerations are schematically depicted in Fig. 1. In our study, we utilize a hybrid gold (Au)
and amorphous TiO, material system, in which gold serves as an electron reservoir and the TiO,
layer represents a prototypical centrosymmetric media that can host the transferred electrons
from the gold. In this structure, the formation of a Schottky potential barrier (®y,) at the
Au/TiO; interface blocks the intrinsic transport of electrons into the TiO, layer, allowing for an
on-command injection of electrons upon the arrival of an optical control signal. To boost the
interaction of the control light with electrons in the conduction band of gold, the metallic
reservoir is tailored into an array of plasmonic nanostructures with a plasmon energy exceeding
the Schottky barrier. In this scenario, the on-resonance illumination of the plasmonic structure
with control laser pulses excites the plasmonic mode, which subsequently decays by elevating
conduction electrons into high energy electronic states above the Fermi level (Ef) of gold. A
portion of these highly energetic electrons, referred to as hot electrons, overcome the Schottky
barrier and make a transition from gold reservoirs to the TiO, region, thereby breaking the

inversion symmetry of the host layer.

The spatial distribution of the injected hot electrons in the electron-accepting layer, TiO; in the
present case, follows the intensity profile of the plasmonic resonance mode (see Supplementary
Information) [16-19]. Such a spatial correlation provides a largely oversighted opportunity to
invoke plasmonic geometries with asymmetric light concentration profiles (e.g., Au triangles) for
breaking the spatial symmetry of the amorphous TiO; film upon the nonuniform injection of hot
electrons. Indeed, despite the non-existing bulk y® response of the TiO, layer, the injected hot
electrons carry over the asymmetric spatial profile of the plasmon field into the amorphous layer

and facilitate breaking its inversion symmetry in a transient manner. Moreover, the buildup of



positive and negative charges in the metal and dielectric sides of the Schottky junction,

respectively, establishes an electric field across the TiO; slab. The hot-electron-induced electric
field transduces the third-order dielectric susceptibility ) of the TiO, layer into an effective
x® component that activates second-order nonlinear interactions throughout the bulk of the
amorphous electron accepting film. The overall hot-electron induced y® response is optically
enabled, with a transient response rate down to a sub-picosecond regime. The establishment of
an interfacial Coulombic force naturally brings the injected electrons back to the interface for
recombination with the positively charged gold nanostructures, quenching the induced y®
response within an ultrafast characteristic timescale. Thus, the transient nature of the proposed
symmetry breaking method is well suited for the ultrafast all-optical tuning of second-order

nonlinear processes, as illustrated in Fig. 1.

To experimentally demonstrate the proposed idea in Fig. 1, we fabricated a two-dimensional
square array of gold triangles, separated from an optically opaque gold film via a 25 nm-thick
amorphous TiO, layer (Fig. 2a). The plasmonic array supports two major resonances at 700 and
800 nm that are exclusively accessible via two orthogonal eigenpolarizations, denoted as V and
U in Fig. 2b. This desired linear dichroic response allows us to use a 700 nm V-polarized laser
beam (i.e., Ic¢) to control the generation of hot electrons in the gold triangles, and an 800 nm U-

polarized laser beam serves as the fundamental light (i.e., I,) for monitoring the evolution of the

induced transient y® response. In addition, the triangular shape of gold nanostructures leads to
the asymmetric confinement of the electric-field profile to triangles upon the on-resonance
illumination of the sample, as revealed by the simulated plasmon field profiles in Fig. 2b. Since
the nonradiative decay of plasmons is the primary mechanism contributing to the plasmon-to-

electron conversion, the spatial distribution of hot-electrons inside gold triangles quadratically



follows the asymmetric profile of the electric field [16,17,19]. As a result, the injected electrons
extend the asymmetricity of the triangle array into the statically-symmetric amorphous TiO; film

for symmetry breaking purposes.

Although the devised plasmonic structure comprises amorphous materials, the asymmetricity of
gold triangles combined with the collective resonance response of the array yet enables
frequency doubling of incident photons. To explore the static response, we collected the spectra
of nonlinear optical signals I, upon the excitation of the plasmonic array via U-polarized laser
pulses with a constant intensity and varying fundamental wavelength from 750 to 900 nm. As
depicted in Fig. 2c¢, I, spectra exhibit a frequency-doubled behavior that peaks at 4, = 4,,/2
and feature an increasing efficiency as A, approaches the corresponding resonance dip for the U-
polarized illumination, revealing the impact of the resonance-enhanced field concentration on the
SHG process. In addition, because of the linear dichroism of triangles, the harmonic generation
efficiency is expected to have a strong dependence on the in-plane polarization of the incident

field, particularly when the fundamental light is in resonance with the array. Indeed, our

measurements (Fig. 2d) show that the static nonlinear dipolar response (i.e., )(gz)) of the structure

under U-polarized fundamental light is much stronger than that of V-polarized fields, a fact that

declares the tensorial nature of )(5(2), as previously reported in similar structures [20,21].

We study the hot-electron induced symmetry breaking by characterizing dynamics of the second-
order nonlinear interaction of a U-polarized 800 nm fundamental beam with the plasmonic array
following the hot-electron injection. In our experiment, the density of hot electrons is controlled
using a 700 nm (i.e., ~ 1.77 eV) laser beam. The control light initially excites the V-polarized
plasmon mode, which then nonradiatively decays via the intraband transition of the sp-like
conduction electrons to energy states Er < E < Er + 1.77¢V. The excited electrons overcome the
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Au/TiO; injection barrier @y, = 1 eV, making a semi-instantaneous transport from the gold to

the TiO, layer. This interfacial charge transfer modulates the )(gf) of the device, verified by
measuring the change in the intensity of the frequency-doubled nonlinear signal Al,,
normalized to the static SHG light I,,, as a function of the delay time t4 (Fig. 2e, blue triangles).
These measurements reveal that, despite a notable reduction in the absorption of the 800 nm
fundamental light (Fig. 2e, red line), the hot-electron transfer enables enhancing I, by ~ 55%.
The induced Al,,, occurs in a timescale shorter than 300 fs and monotonically decays in 5 ps,
manifesting the creation of a transient second-order nonlinear medium that transduces the
dynamic of the hot-electron transfer process into the temporal evolution of the SHG response.
Although the static I,,, quadratically scales with I, the maximum induced Al,,, occurring at T4
= 300 fs, shows a linear dependence on I, (Fig. 2f). Such a linear dependence suggests that
characterizing the dynamic of second-order optical processes can be considered as a promising

alternative to time-resolved absorption techniques for evaluating hot-electron transient dynamics

[22].

The hot-electrons density has a major impact on the strength of transiently induced second-order
nonlinear response. Since the nonradiative decay of plasmons is the primary cause of hot-
electron generation, the density of such energetic carriers inside gold triangles linearly scales
with the intensity of the control light. Increasing the population of electrons within the TiO, film
facilitates breaking the inversion symmetry of the amorphous host layer via the asymmetric
injection of hot electrons. Moreover, the strength of the transient electric field E, formed across
the TiO, film directly impacts the transient nonlinearity of the plasmonic structure. As discussed
in Supplementary Information, if we treat the charge-separated Au/TiO, interface as a parallel

plate capacitor, then the amplitude of E;. approximately linearly increases, as the TiO; film hosts

6



an increasing number of electrons. The hot-electron induced E;,. by acting on the third-order
susceptibility ¥ of TiO, produces an effective second-order nonlinear response that can be

described as E.x® (2w; w, w,0). The combined contribution of the asymmetric hot-electron

transfer and the transient field effect leads to the formation of a transient A)(t(rz ) that is linearly
tunable via Icq. The total emitted SHG light from the plasmonic platform is expressed as

2
L < 13|x® + 8xP|", which benefits from the contribution of the bulk TiO, film as well. The

modulation magnitude of the SHG signal can be expressed as Al,,, « IE)A)(t(rz )[2 )(S(Z) + A)(t(rz )].
Comparing this relation with the Al,,, vs. Icq curve in Fig. 2f implies that the leading term in

the Al relation holds the major contribution to the modulation of I,,. Such a linear trend is
consistence with strong static )(gz) of the asymmetric triangle array under U-polarized

illuminations, dominating the impact of 2 )(52) term over that of A )(t(rz ) in the Al relation.

In addition to enabling the generation and injection of hot electrons, the application of the control
beam also modulates the linear optical response of the plasmonic array. Recently, we have
shown that the combination of hot-electron transfer and Kerr-like optical nonlinearity transiently
modifies the refractive index of gold [23, 24], a change that often weakens resonance effects on
the blue side of the static resonance of plasmonic structures [25, 26]. Consequently, it is expected
to witness a decrease in the efficiency of the nonlinear light generation from resonant systems. In
our case, the competing influences of the hot-electron symmetry breaking effect and the
refractive index change complicate the evaluation of the exact impact of the electron injection on
the achievable Al, . To unravel such complexities, we designed a control sample that exhibits a
linear optical response (Fig. 3a) resembling that of the TiO,-incorporated structure, but the

electron accepting layer is replaced with an Al,Os film to block the electron transfer (@, = 2.6



eV [23,24]). We utilize a V-polarized 700 nm pump light and a U-polarized broadband probe
beam to characterize the impact of refractive index change on the linear response of the control
device. The transient reflection map (Fig. 3b) shows a decrease in the light absorption at the
spectral vicinity of 800 nm, leading to ~ 25% reduction in I,,, a change that qualitatively
follows our expectation based on the measured ~ 10% change in the absorption of I, (the red
curve in Fig. 3c). Therefore, the origin of the observed Al,, is primarily governed by the
modulation of the linear plasmonic response (i.e., spectral redshift) rather than the direct
modification of the intrinsic dielectric susceptibilities of comprising materials, as previously
reported for bulk media [27-29]. Moreover, the kinetic of the induced Al closely follows the
relaxation of the linear reflection at 800 nm, which is dominated by the thermalization of

confined hot electrons in gold triangles via electron-phonon interactions [23,31].

Comparing the nonlinear transient behavior of the main and control samples exposes two subtle,
yet critical, roles of hot-electron transfer on the active tuning of nonlinear processes. First, the
injection of high-energy electrons into the amorphous TiO, film converts this statically-passive
layer into a second-order transient nonlinear medium that, contrary to the case of the control
sample, leads to the enhancement of the effective y® response. Second, the dynamic of the
electron transfer facilitates achieving an intrinsically fast modulation speed that is beyond the
characteristics of thermal processes in optically perturbed noble metals. In addition, since the
refractive index change has a similar impact on the linear response of the TiO,-incorporated
device, the actual SHG change stemmed from the hot-electron transfer should be larger than
what we observed in Fig. 2e. As seen from the measured polar diagrams of the absolute
reflection change in Fig 4b, optical excitation of plasmonic array lowers the absorption of V- and

U-polarized beams at 700 and 800 nm, respectively (see Supplementary Information). Therefore,



the observed ~ 8% reduction in the absorption of 800 nm (i.e., /) enforces the damping of the

SHG output by ~ 20%.
Considering that AI2R! ~ AINS™® + AL change e can roughly estimate the contribution of the

hot-electron transfer on the modulation of the second-harmonic signal to be ~ 75%, yielding an
intensity-dependent nonlinear modulation rate of ~ 1.3% per nanojoule. This nonlinear
generation rate can be notably improved by increasing the hot-electron generation and injection
efficiencies in an optimized structure, for instance, by approaching the near infrared regime

[16,19,32,33] or utilizing subradiant dark plasmonic modes [19,32].

We experimentally examined the output polarization state of the frequency-doubled light before
and after the injection of hot electrons into the TiO, layer. Given that the V-polarized component
of the fundamental wave at 4, = 800 nm cannot effectively contribute to the SHG process (Fig.
2d), during these measurements we fix the input polarization of the fundamental beam to the U-
state. Moreover, since the fundamental beam is illuminated on the sample at a normal incident

angle, only the in-plane U and V polarizations are considered as the possible orientations of the

field components at the 2w frequency. Fig. 4c depicts the polar diagram of Izj » as a function of

the output polarization j, at -5 ps and 300 fs delay times, corresponding to the static and transient

conditions, respectively. In both cases, the dominancy of I, over 1Y indicates that the )(\(,ZU)U

element of the second-order susceptibility tensor dictates the output polarization state of the SHG
signal, which is perpendicular to that of the fundamental field. This behavior originates from the
mirror symmetry of the triangle array with respect to the V axis, which forbids U-polarized

nonlinear emissions, as such a symmetry condition diminishes the )([(JJU element. Besides

providing insights into the y® components of the plasmonic system, the polar diagram at 74 = -
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5 ps declares that the static SHG response primarily originates from the asymmetricity of the
gold triangles rather than being dominated by the broken symmetry at the Au/TiO; interface (see

Supplementary Information for further details).

The transient breaking of the inversion symmetry based on hot-electron dynamic has enabled a
powerful scheme for the creation and active tuning of effective y®) responses, in amorphous
materials and centrosymmetric crystals where the intrinsic y® nonlinearity vanishes. Thanks to
the ultrafast generation, transport, and decay of hot carriers, second-order nonlinear processes
such as frequency doubling, sum-frequency generation, and optical parametric oscillation can be
enabled in hybrid plasmonic systems, mitigating the conventional constraint imposed by the

strict requirement of non-inversion-symmetry.
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Figures and Figure Captions
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FIG. 1 Breaking the inversion symmetry via hot-electron transfer. A suitable plasmonic platform
for the demonstration of the proposed idea comprises a centrosymmetric dielectric (e.g., TiOy),
serving as the host material, and an a plasmonic system capable of the spatial confinement of the
plasmon field in an asymmetric manner (e.g. Au triangles). The on-resonance excitation of the
plasmonic structure using a control beam initiates the generation and subsequently injection of
hot electrons. The transferred high energy electrons project the asymmetricity of the plasmonic
array into the host material, in an ultrafast timescale (top row). In addition, the separation of the
positive and negative charges across the Schottky junction induces a transient electric field, E;,,
along the host medium, facilitating the conversion of its y®) response to an effective second-
order nonlinear susceptibility, y® o E,,.x® (blue arrows, middle row). The combination of
asymmetric electron transfer and transient electric field breaks the crystal symmetry of the host
dielectric material and enables the ultrafast all-optical control of second-order nonlinear

processes such as SHG (bottom row).



Figure 2
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FIG. 2 Static and transient second-order nonlinear characterizations of the plasmonic platform.
(a) Schematic of the sample and the simplified measurement setup. (b) Static reflection spectra
of the plasmonic structure for the two eigenpolarizations. The definition of polarization states
(left), the simulated field profile at 700 nm (middle), and the field profile at 800 nm (right) are
presented above the reflection spectra. (c) Measured static I, spectra when the structure is
excited with a U-polarized fundamental light of varying 4. (d) Dependence of the I,,, signal on
the input polarization state of the fundamental wave for 4,= 800 nm. (¢) Temporal response of
the normalized A1, and the transient reflection change AR upon the illumination of the structure
with a V-polarized 700 nm control beam. (f) The static I,,, as a function of the intensity of the
fundamental wave at 800 nm (red squares) and the Al,, as a function of the control beam
intensity (green hexagons), monitored at T4 = 300 fs.
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FIG. 3 Dynamic of the second-order nonlinear response without the involvement of the hot-
electron transfer. (a) Polarized static optical reflection spectra of the control sample. The control
device provides two orthogonally polarized resonances at 696 and 839 nm. (b) Two-dimensional
transient reflection map acquired using a U-polarized broadband probe light upon the excitation
of the structure with a 700 nm V-polarized control light. The intensity of the control light is set
to provide an absolute reflection change equal to that of the TiO,-incorporated sample. The black
and blue arrows indicate the spectral location of the fundamental light and the center of the U-
polarized plasmonic resonance, respectively. (¢) Dynamics of the normalized second-harmonic
change 41, and the induced linear reflection change AR in the control sample in the absence of

the hot-electron transport.
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Figure 4
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FIG. 4 Transient linear and nonlinear polarization responses. (a) Effect of the refractive index
change of gold on the spectral lineshape of resonance modes, illustrated schematically. (b) Polar
diagrams of the absolute reflection change at 700 and 800 nm, as a function of the polarization
angle, induced using a control light intensity identical to what we used for acquiring the transient
SHG response in Fig. 2e. (c) Polar diagrams revealing the polarization state of the emitted
frequency-doubled light before (t4 = -5 ps) and after (74 = 300 fs) the hot-electron transfer into

the TiO; film, when the fundamental beam being polarized along the U-direction.



